Long-term treatment of hydrocephalus continues to be dismal. Shunting is the neurosurgical procedure more frequently associated with complications, which are mostly related with dysfunctions of the shunting device, rather than to mishaps of the rather simple surgical procedure. Overdrainage and underdrainage are the most common dysfunctions; of them, overdrainage is a conspicuous companion of most devices. Even when literally hundreds of different models have been proposed, developed, and tested, overdrainage has plagued all shunts for the last 60 years. Several investigations have demonstrated that changes in the posture of the subject induce unavoidable and drastic differences of intraventricular hydrokinetic pressure and cerebrospinal fluid (CSF) drainage through the shunt. Of all the parameters that participate in the pathophysiology of hydrocephalus, the only invariable one is cerebrospinal fluid production at a constant rate of approximately 0.35 ml/min. However, this feature has not been considered in the design of currently available shunts. Our experimental and clinical studies have shown that a simple shunt, whose drainage capacity complies with this unique parameter, would prevent most complications of shunting for hydrocephalus.
INTRODUCTION
Most patients with hydrocephalus are treated by an extracranial bypass of cerebrospinal fluid (CSF) to the abdominal cavity; the prevention of overdrainage and underdrainage by this bypass is the obvious priority. Most shunts for hydrocephalus are based on a comprehensive variety of valve systems aimed to function according to intracerebral variations of hydrostatic pressure. [1, 5, 14, 26, 44, 45, 61] However, the middle term of viability for most shunting devices, including the most expensive, is about 2 years after surgical implantation; also, occasional surgical review for shunt dysfunction is common, even with devices that remain functional for longer periods.
Modern shunts for hydrocephalus use sophisticated mechanisms of valve opening and closing in accordance with variations of intracranial pressure, and some are equipped with ingenious anti-siphon devices. [5, 28, 30, 33, 38, 40] Nevertheless, even with them, the phenomenon of overdrainage is still common. [3, 11, 14, 23, 32, 35, 46, 55] Results of countless studies make apparent that the classical hydrokinetic parameters that have long been taken as reference for the theoretical design of ventriculoperitoneal shunts are not reliable for a system designed to drain CSF through an artificial pathway, which runs parallel to the cerebrospinal axis.
For the last 60 years, most devices used for relief of hydrocephalus have depended on the same physiological grounds however, the experience has shown that we are still far away from an ideal shunt. [2, 8, 9, 18, 25, 26, 37, 43, 51] It might be assumed that if, for several years, all attempts for technical solution of hydrocephalus have proved unsatisfactory, perhaps it is time to review the framework used for technological research, rather than continue designing devices with improvements in mechanisms but identical in theoretical framework. [3, 9, 14, 20, 32] 
HYDROKINETIC CHARACTERISTICS OF VENTRICULOPERITONEAL SHUNTING
Most shunts used for the treatment of hydrocephalus communicate the ventricular cavity with the peritoneal cavity. [5, 12, 24, 34, 45] Several factors participate in their drainage capacity; however, some hydrokinetic characteristics of this peculiar pathway may not have been adequately considered in the design of currently used shunting devices.
When humans rise to the erect posture, there is a gravity gradient within the cerebrospinal axis that runs along a virtual line that measures in adults approximately 55 ± 5 cm from the floor of the lateral ventricle (where the proximal tip of a ventriculoperitoneal shunt for relief of hydrocephalus is placed) to the periumbilical peritoneal area (where the distal tip of the shunt is also placed). This virtual line is constantly moving according to the posture of the subject; it varies from the horizontal plane when the subject is lying down in supine position to the vertical plane when the subject is standing or sitting straight [ Figure 1 ]; slight variations occur according to the multiple positions that the subject can adopt along the day, producing constant movements of this hypothetical line, in consonance with constant activity. [12, 13, 15] In general terms, with some inclined variations, humans maintain the ventriculoperitoneal line in the vertical position two-thirds of the day (while standing or sitting) and the other third is maintained in the horizontal position (while sleeping). An artificial bypass (such as any shunting device) between the ventricles and the peritoneum that intends the drainage of fluid from the former into the later is subject to the gravity force acting upon the flow according to the position of the ventriculoperitoneal line in regard to the earth's surface. The hydrostatic pressure gradient of the catheter is not dependent on its length, but rather on the vertical distance between the inlet and the outlet. The gravity force is so important that the so-called "siphon" effect, described in countless reports, [38, 40, 42, 49, 56] corresponds, by far, to the most intense hydrokinetic force acting upon the velocity of flow, and therefore upon the amount of fluid drained. In the laboratory, under experimental conditions, when a container (simulating the ventricles) is connected to a recipient (simulating the peritoneum) by a catheter 1 m long and of 1 mm internal diameter (ID), the following changes occur; if the container and the recipient are located at the same level and the connecting catheter lies horizontal, there is absence of flow from one to the other; in contrast, if the container is elevated 55 cm between the tips of the catheter in a vertical position, there is a flow of 80 ml/min to the recipient (115 l/day). This huge increase of flow rate is exclusively due to the suction effect caused by the gravitational attraction or siphon effect [ Figure 1 ].
The internal fluid pressure within the ventriculosubarachnoid space is highly variable according to the position of the subject: When the subject is lying down, the internal pressure is identical throughout the ventriculosubarachnoid axis at a mean pressure of 150 mm H 2 O (100-200 mm H 2 O) [ Figure 1 ]. In contrast, the pressure changes to a differential gradient when the subject stands up; there is a pressure of zero mm H 2 O or even negative pressure at the top of the vertical axis (within the lateral ventricles) and simultaneously a maximal pressure of 500 ± 50 mm H 2 O at the bottom (within the lumbar area) [ Figure 1 ]. This gradient develops as soon as the subject stands up or sits, moving the axis to its vertical position. [43, 57] These differences can be demonstrated when, in the same individual, a lumbar puncture is made either in the supine posture or while he is sitting. The gravity force greatly modifies the topographical pressure of the fluid inside the ventriculosubarachnoid space when the subject stands; in sharp contrast, the pressure is evenly distributed and identical anywhere inside the space when the subject lies horizontally [ Figure 1 ].
Another independent hydrokinetic force acting upon the flow is produced by the internal pressure generated by the equilibrium of production/absorption of CSF. The absorption takes place in large areas of the subarachnoid space. The capacity of these histological structures to absorb the CSF under normal circumstances largely exceeds its production rate, which takes place mostly at the choroid plexus, inside the ventricular system. This circumstance explains the fair homeostatic equilibrium achieved physiologically between production and absorption of CSF, which is mostly maintained by the combination of a constant rate of production and a vast capacity of fluid absorption. Hydrocephalus develops only after most sites of absorption have been blocked (communicating hydrocephalus) or a mechanical obstruction of CSF transit prevents the passage of CSF from the production sites in the choroid plexus to the absorption sites in the subarachnoid membrane (noncommunicating hydrocephalus). Of all acting forces within the neural axis that influence fluid dynamics, the only steady parameter is the production of CSF, [7, 10, 14] whose output in humans is constant at a rate of 0.35 ml/ min, for a total daily production of approximately 500 ml, with minimal variations under most physiological conditions.
DYSFUNCTIONS OF VENTRICULOPERITO-NEAL SHUNTS
Under normal circumstances, the ventriculosubarachnoid axis is a closed cavity. The insertion of a ventriculoperitoneal shunting device opens this space on its upper site and drains the fluid downward, directly into the peritoneum. This artificial circumstance greatly modifies the natural mechanisms of CSF dynamics. Excessive shunt drainage, the most frequent complication of shunting, generates intracranial hypotension accompanied by slit ventricles, which result from an unavoidable shift in the functioning of the shunt during postural changes of the patient. This shift goes from the effectively controlled flow when the subject is supine, in which the valve of the shunt maintains a ventricular pressure of 150 ± 50 mm H 2 O, as settled by the producer of the shunting device, to an abnormally high drainage induced by uncontrolled suction as soon as the upright position is assumed. [40, 41] Although in the upright position the ventricular pressure might be zero mm H 2 O or even negative, the suction force produced by the siphon effect opens the valve and drains CSF regardless of ventricular hydrokinetic pressure. Theoretically, in the absence of intraventricular pressure, the valve of the shunt should be closed; however, the intense siphon effect produced by the gravity force acting upon the ventriculoperitoneal catheter in the vertical position exerts a negative suction force of −550 mm H 2 O, [57] sufficient by far to open the valve, whose manufacture is usually settled to open at a positive pressure of around 100 mm H 2 O. Once the valve is opened by the suction effect, the CSF is pulled down, the ventricular cavity is emptied, and the ventricles might collapse, thus inducing intracranial hypotension in which the slit ventricle syndrome could develop. [21, 22, 31] Intracranial hypotension due to hydrostatic negative suction (siphon effect) is indeed the most relevant peril to any patient who receives a ventriculoperitoneal shunt, regardless of the etiology of hydrocephalus. [29, 46, 58] To prevent this unavoidable effect, countless antisiphon devices or gravity-controlled valves have been designed. [2, 4, 19, 20] Their function is the interruption of CSF flow when the hydrostatic suction exceeds the minimal intracranial pressure. Thus, these devices are directed to stop the transit of CSF when intraventricular pressure lowers below the setting value of the valve (100 mm H 2 O). However, they are not designed considering that in the erect posture the normal intraventricular pressure is well below 100 mm H 2 O and the valve might be opened not by the positive ventricular pressure but by the negative suction effect produced by gravity. In fact, under experimental simulations made in our laboratory, all valves settled to open at 100 mm H 2 O of positive pressure indeed are opened at the negative suction effect generated when the connecting catheter is lowered more than 100 mm H 2 O of vertical distance from the upper container (which in real conditions would be within the ventricular cavity) to the lower recipient (which in real conditions would be inside the peritoneal cavity). [52, 53] Thus, it becomes evident that anti-siphon devices that close the shunting valve when the subject is erect [19, 31] do not comply with the natural mechanisms of CSF circulation and present an unnatural separation from physiological parameters of fluid dynamics within the ventriculosubarchanoid axis. [22, 27, 48] In addition to the above complications is the fact that the whole daily production of CSF in adults is about 500 ml. This amount of fluid can be promptly drained through any of the currently used shunt devices if the valve is maintained opened just a few minutes. Thus, under no circumstance, the fluid transit can be steadily constant for long periods through any of the currently used devices; most of the time the fluid is static inside the shunt and the actual flow occurs just only for brief moments, promptly returning to fluid stasis until new CSF is produced, accumulated, and expeditiously drained again, closing this unfavorable cycle. These long periods of fluid stasis might induce clots inside the catheters, particularly in cases where the CSF contains a high level of proteins. [50] According to the experience gathered with the use of valvular shunting devices for the last 50 years and the list of complications common to most of them, various unnatural conditions of fluid generated by the switch of fluid transit and drainage through these devices may be blamed as the main source of shunt dysfunctions. A. The valvular mechanism of all shunts produces an on/ off phenomenon of fluid passage that is not seen in the physiology of CSF circulation. This fact indicates that the actual transit of CSF through common shunts is frequently interrupted and fluid stasis occurs during long periods, which in turn would favor shunt obstruction.
The catheter connecting the ventricular cavity with the peritoneal cavity usually has an ID of approximately 1 mm. The amount of fluid that can be drained through this catheter is very large indeed and largely exceeds the natural amount of CSF production in humans. However, the valvular mechanism and the constant extenuation of ventricular CSF interrupt this flow.
The discrepancy between excessive drainage capacity of the shunt and the limited drainage requirement of the subject (a maximum of 500 ml/day) causes long periods of fluid stasis within the shunt, which might occlude the catheter by clots or facilitate retrograde bacterial contamination. [18] B. The intraventricular pressure, which has been settled as the core parameter for the functioning of all currently used shunting devices, varies widely, under normal circumstances, from negative values (when upright) to a positive pressure of 150 ± 50 mm H 2 O (when supine) according to changes in the posture of the subject. [11, 15, 17, 39] In sharp contrast, at the lumbar level, the CSF pressure also varies widely under normal circumstances; but in this case, it might vary from a pressure of 150 ± 50 mm H 2 O (when supine) to a pressure of 500 ± 50 mm H 2 O (when upright), according to changes in the posture of the subject. The valve mechanism is supposed to control adequate drainage based exclusively on intraventricular pressure. However, when the subject is upright, the ventricular pressure is normal at zero mm H 2 O, but when he lies down, it is normal at 150 mm H 2 O. [44, 46] Nonetheless, the inverse situation, i.e. a ventricular pressure of zero mm H 2 O when he lies down or 150 mm H 2 O when he is upright, both are abnormal. Of course, the mechanical valve cannot differentiate between these two rather different physiological situations. C. The above considerations indicate that intraventricular pressure should not be considered as the core parameter for the functioning of a device whose only goal is to prevent the accumulation of CSF and to divert the excess of fluid that cannot be disposed or absorbed through the natural channels. [2, 9, 35, 42, 55] 
CSF PRODUCTION: A SINGULAR PARAMETER
From all parameters that participate in the physiology of CSF, only one, i.e. the production of CSF, is constant and remains unaltered under most pathologies that induce hydrocephalus. [10, 47] The only condition that has been reported to increase the amount of CSF production is papilloma of the choroid plexus. However, even in this case, hydrocephalus is rarely induced due to the very large capacity for CSF absorption common to all individuals. [2] Thus, it seems reasonable that if the only steady parameter in the rather complex physiology and dynamics of CSF is its production, at a constant rate of 0.35 ml/min, for an approximate amount of 500 ml/ day, this singular value should be considered for the design of a device that intends to prevent its intracranial accumulation. This principle would apply for all pathologies that induce hydrocephalus. Surprisingly, there is no shunt device whose core mechanism is based in the enduring drainage of CSF according to the stable and predictable parameter of CSF production.
VENTRICULOPERITONEAL SHUNT DEVOID OF VALVULAR MECHANISMS
Our studies have tested the theoretical framework of a shunt devoid of valvular mechanisms whose drainage capacity would function according to the constant rate of CSF production (±0.35 ml/mm). Clinical and experimental results have been favorable. [3, 34, 52, 53] In these studies, we eliminated all valvular mechanisms and the functioning of a ventriculoperitoneal bypass was dependent on the drainage capacity and fluid resistance generated solely by the peripheral catheter that goes from the skull to the peritoneum.
The usual ID of common catheters for ventriculoperitoneal shunts is about 1-2 mm; we substituted this measure for another, medical degree catheter made of Tygon (S-50-HL medical and surgical catheter, Saint-Gobain. com/USA), identical in length, but with a precise ID of 0.51 mm (0.021 inches). [56, 57] This unique catheter was directly connected, in the traditional way, to a common ventricular catheter; no further mechanisms were introduced in this rather simple connection. Performance of this shunt in long-term studies in the experimental laboratory and in patients with hydrocephalus has been superior than in controls with valvular shunts. [3, 53, 54, 57] Initial laboratory studies under hydrokinetic simulations of physiological conditions [52, 53, 57] tested several variations of ID of the connecting catheter as unique mechanism for fluid resistance; the precise measure of 0.51 mm ID was shown to comply, under all physiological variations, with the desired drainage capacity. The connecting catheter of very thin ID instead of the usual catheters of wide ID showed in the laboratory to have a daily drainage capacity of approximately 500 ml under conditions that simulated common parameters of intraventricular pressure and siphon effect in humans. This rather peculiar catheter takes advantage of the two principal hydrokinetic forces acting in the ventriculospinal axis of humans according to posture [ Figure 2 ]. When the subject stands, the suction effect that the gravity force imposes constitutes the principal hydrokinetic force; it generates an uninterrupted flow range between 0.30 and 0.50 ml/min for a mean of 0.38 ± 0.08 ml/mm. In contrast, when the subject lies down, the principal hydrokinetic force acting upon the shunt is the intraventricular pressure and the mean flow through the catheter is 0.35 ± 0.06 ml/min [ Figure 2 ]. The flow resistance provided by the narrow diameter of the catheter generates two advantages: first, a continuous flow; second, it prevents overdrainage as the daily amount of CSF that passes through the shunt leads to a daily drainage close to 500 ml/day. The negative suction force of siphon effect on the erect posture during two-thirds of the day plus the positive intraventricular pressure during the other third of the day, when the subject lies in the horizontal posture, accomplishes the total daily drainage goal of about 500 ml through this rather simple subcutaneous catheter with an ID of half-a-millimeter width. A remarkable fact was that neither overdrainage nor shunt occlusion was seen in our patients despite the thin ID of the catheter. [3, 57] The parametric values obtained in the laboratory under experimental conditions simulate human physiology which might slightly vary according to modifications of intraventricular hydrokinetic conditions; if the ventricular pressure diminishes, the amount of drainage decreases and vice versa. Thus, under limited variations of intraventricular pressure, the amount of fluid drained through the open shunt would be compensated by slight and temporary increase or decrease of flow rate, still maintaining an uninterrupted flow. The cerebrospinal flow through this open bypass maintains the homeostasis of CSF production and allows the endurance of whatever remnant mechanisms of fluid absorption are still viable in an individual case because after most experimental variations, the shunt maintains a constant flux, although the amount varies according to flow velocity. The slim ID of the catheter prevents a large or sudden flow, even in cases of positive intraventricular pressure and active siphoning effect. Although the peritoneal cavity, where outlet tip of the shunt is located, maintains a negative pressure which exerts a slight suction effect, it is not significant upon the amount of CSF drainage. We think that this feature aids in the constant flow achieved through this ventriculoperitoneal catheter.
In long-term studies and under special circumstances, like hydrocephalus secondary to tumors of the posterior fossa, the open shunt functioned far better than valvular commercial shunts and no case of excessive drainage was observed. [3, 6, 34, 57] This open shunt is not useful in newborn patients with congenital hydrocephalus as the vertical posture is not constant and most of the time the baby remains in decubitus. In these cases, this shunt will be adequate when the child maintains long periods of erect posture (approximately at the age of 3 years). However, our experience has been limited to adult subjects; due to their short stature, infants and small children do not siphon much and the length of the catheter might be shortened, thus diminishing flow resistance that would increase the amount of drainage. Nonetheless, this circumstance in small children remains to be studied. The results have shown that a simple shunt consisting on a peripheral subcutaneous catheter of approximately 80 cm length with a highly precise measure of 0.51 mm (0.021 inches) ID, connecting the ventricular with the peritoneal cavities, combines the two hydrokinetic forces that participate in an alternative manner, depending on the posture of the subject, in a shunt that connects the ventricular cavity with the peritoneal cavity. The gravity effect acts as a negative suction force and the intraventricular pressure acts as a positive injecting force. In our experiments, the precise measure of ID was so important that minimal variations led, under physiological simulations, either to underdrainage or to overdrainage. Minimal variations of ID in the catheter, from the optimal measure of 0.51 mm to either 0.45 or 0.60 mm ID, produced a total amount of flow that was significantly minor or larger (350 and 720 ml/day, respectively) than the physiologically ideal amount of 500 ml/day. This rather simple shunt provides various advantages; it does not induce excessive drainage; it generates uninterrupted flow that complies with the physiological circulation of CSF; it is devoid of mechanical intricacies, like valvular mechanisms. The peripheral catheter, crucial for the functioning of the shunt, can be easily replaced or substituted as it is subcutaneously inserted and connected in the skull to a common ventricular catheter. This "shunt" (which actually is a medical catheter) was developed initially for hydrocephalus secondary to cysticercosis; however, after the initial results, it was tested in a comprehensive variety of hydrocephalus in adults and proved to be very effective. [2, 3, 52, 53, 54, 56, 57] The pathophysiology of hydrocephalus due to cysticercosis is very severe (mean survival after diagnosis 1.8 years) and the CSF shows indeed a high content of cells and proteins. That is why all common shunts are obstructed soon after surgery. This "shunt" was not occluded because it did not induce retrograde passage of CSF from the subarachnoid space (high proteins and cells) to the ventricles (low proteins and cells, even in severe cases of cysticercosis), which is a common feature in cases of overdrainage. [50] As documented, overshunting was not seen with the use of this "shunt" (catheter?). [52, 53] It is important to stress that this manuscript does not promote any shunt; it mostly gives arguments that provide potential explanations for the failure of all available shunts.
The catheter used in these studies is commercially available and commonly used in countless medical applications (Tygon S-50-HL, medical and surgical catheter; Saint-Gobain.com/USA) with an ID of 0.021 inches. Moreover, the shunt can be assembled with any high-performance catheter of medical degree with the precise ID of 0.021 inches (0.51 mm). I think that no company would be interested in its commercialization (including us) because it would cost something around 25 USD (vs. about 2300 USD of some new shunts). [3, 6, 56, 57] I believe that the industry around modern medicine is not attracted by this kind of investments. Nonetheless, the intention of this article is to make a proposal for research (a shunt based on CSF production, rather than on intraventricular pressure) and use our experience to support this proposal.
A PROPOSAL FOR THE DEVELOPMENT OF A NOVEL SHUNT FOR HYDROCEPHALUS
Considering that all shunting devices whose functioning is based on a valve that responds to internal hydrostatic pressure have failed after six decades of countless designs and that in the opinion of most experts, we are still far from achieving an ideal shunt, [2, 6, 16, 23, 25, 32, 42, 51, 59, 60, 62] it might be time to reconsider the fundamental principles upon which all technological research for shunts has been grounded and adopt a novel stratagem. An innovative model could be based on CSF production, [10, 47] rather than on hydrostatic pressure. [6, 53] My proposal would be a shunting device, non-dependent on variations of hydrostatic pressure, with drainage capacity near 0.35 ml/min, to produce an uninterrupted flow, regardless of variations of posture of the patient or ventricular hydrostatic pressure. In cases of non-communicating hydrocephalus, such as in patients with aqueduct stenosis, this hypothetical shunt would be inserted into the ventricular cavity, whereas in cases of communicating hydrocephalus such as chronic arachnoiditis or fibrosis, the shunt could be inserted anywhere in the ventriculosubarachnoid axis; for instance, it could be placed in the lumbar area eluding the introduction of a ventricular catheter through the brain tissue.
